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Modern Li-ion batteries employ flammable electrolytes that pose safety concerns. Battery 
safety has become important as several incidents involving Li-ion battery fires have been observed. 
This issue could be addressed through a switchable battery electrolyte. Reversible ionic liquids 
(RevILs) could be used in such an electrolyte that would cease operation in the event of rapid 
temperature elevation because they can switch between states of drastically different properties upon 
the application of an external stimulus, such as temperature or CO2 addition. Silylamines, in 
particular, are a class of thermally responsive RevILs that are conducting in its ionic liquid (RevIL) 
state and non-conducting in its molecular liquid (ML) state. Thus, silylamines could serve as model 
compounds for the thermally switchable battery electrolyte concept. However, the temperature 
dynamics and ion-ion interactions within the silylamine system need to be understood before 
implementation.  
This thesis explores the viability of the (3-aminopropyl)tripropylsilylamine (TPSA) system 
based on its thermal responses and salt interactions. Because neat TPSA (RevIL) is viscous and non-
conductive, TPSA was also studied as a solvent mixture with DMSO.  Variable temperature (VT) 
FT-IR studies showed that the RevIL to ML switch was maintained in the TPSA/DMSO system. 
VT conductivity studies showed a conductivity maximum at 90°C. The thermal dependence of 
conductivity makes TPSA a potential candidate for the thermal switch. HOESY and PGSE NMR 
experiments were also performed to understand the issue of salt solubility, which correlate the ion-
ion interactions within the electrolyte mixture. These experiments revealed that the alkyl groups may 
participate in interactions upon addition of lithium hexafluorophosphate salt, which results in 
inhibited diffusion. This signals a possible route for tuning the TPSA structure to improving the 
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The commercial prevalence of energy storage devices has largely been driven by Edisonian 
approaches of development. Li-ion batteries (LiBs), which are a popular example of rechargeable 
energy storage devices, have been successfully implemented in myriad devices ranging from phones 
and computers to electric vehicles. However, the electrolyte remains one of the limiting factors in 
the invention of better batteries. Traditionally, LiB electrolytes have contained a mixture of 
carbonate-based solvents and lithium hexafluorophosphate salt (LiPF6). However, there have been 
numerous safety incidents involving LiBs, which have threatened their continued use.1-4 Thus, 
advances in LiB safety need to be made to prevent such events from occurring.  
Towards this end, electrolyte modification is one approach to improving LiB safety. More 
specifically, the safety concerns surrounding LiBs can be addressed by exchanging the carbonate-
based solvents currently used in traditional LiBs for thermally responsive solvents. Reversible ionic 
liquids (RevILs) are a class of solvents that can undergo property changes upon application of 
external stimuli, such as heat. Silylamine-based RevILs, in particular, have been shown to be 
thermally responsive.5, 6 The silylamine RevILs can switch between an ionic liquid (RevIL) state in a 
battery and a molecular liquid (ML) state depending on whether heat is applied or CO2 is added. The 
Biddinger group has also explored the feasibility of silylamine-based RevILs as a switchable 
electrolyte for separating electrochemical products.7 Although Rohan and Switzer studied these 
compounds for CO2 capture and the Biddinger group for electrochemical product separation, the 
thermal switch of the silylamine-based RevILs would make the compound a promising candidate for 
a switchable battery electrolyte.  
Before the silylamine-based RevILs can be implemented in batteries, however, their properties 




must be better understood as more components (co-solvents, salts) are added. Furthermore, as co-
solvents and salts are introduced, there may be underlying ion-ion interactions that affect both the 
switch and the properties of the RevIL-based mixture. This thesis explores the temperature 
dynamics and possible ion-ion interactions for silylamine RevIL-based systems with the goal of 
eventually repurposing the silylamines as switchable battery electrolytes. 
1.1. Electrolyte-related Issues in Li-ion Batteries 
 LiB electrolytes are typically composed of a solvent mixture and metallic salt. Some 
characteristics of an effective electrolyte include high conductivity, low viscosity, wide 
electrochemical window, and high thermal stability.8 These properties are determined by the choice 
of solvents and salts. In the case of LiBs, single solvents cannot satisfy the requirements for an 
effective electrolyte and thus, LiB electrolytes usually employ a combination of solvents. The 
traditional electrolyte cocktail used in LiBs is 1M LiPF6 in ethylene carbonate (EC)/dimethyl 
carbonate (DMC).8 Ethylene carbonate has a high dielectric constant, which enables dissolution of 
metallic salts, and a high boiling point. However, EC exists in solid form at room temperature. In 
contrast, dimethyl carbonate has a low viscosity but low dielectric constant and boiling point. The 
binary mixture of these two solvents is a sufficient compromise between their respective properties. 
Furthermore, the electrolyte's widespread use is attributed to its ability to form a stable solid-
electrolyte interphase (SEI). Peled had first theorized the formation of an SEI layer, whereby the 
electrolyte decomposes and forms a passivating layer on the surface of the electrode in the first 
lithiation cycle.9 The SEI layer prevents further decomposition of the electrolyte in later cycles, 
thereby allowing the battery to charge and discharge for many cycles. EC is responsible for SEI 
formation.8 
Despite its ability to form a stable SEI layer, this electrolyte formulation can contribute to 




operation. The battery generates heat during normal charging and discharging. However, when the 
heat generated by in-situ electrochemical reactions fails to dissipate effectively, many of the battery 
components can degrade and thermal runaway can occur.10 Degradation could entail electrolyte and 
electrode decomposition or separator melting. Thus, the thermal stability window of the electrolyte 
should be wide enough that the battery components remain stable even at elevated temperatures. 
The conventional LiB electrolyte presents many issues with regard to temperature- chief among 
them, the use of LiPF6. The salt is in equilibrium with two other components, given by Equation 1. 
!"#$% → 	#$(	(*) + 	!"$(-) (1.1) 
The forward reaction is favored as temperature increases. This results in the formation of PF5, which 
can exothermally decompose the electrolyte solvents and exacerbate any temperature increases 
already occurring in the system.11, 12  
012110
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At elevated temperatures, the integrity of the SEI is threatened and further decomposition of 
the electrolyte is enabled. The Oh group contended that PF5 attack was a dominant mechanism in 
the degradation of the SEI layer at elevated temperatures.13 The SEI layer can contain a slew of 
decomposition products from the first lithiation cycle, many of which are largely agreed upon based 
on FT-IR and XPS studies.14 However, as the battery chemistry changes, be it the electrode or the 
electrolyte, the decomposition products may vary. The main decomposition products of the 
standard lithium cobalt oxide (LCO)/ graphite battery which employs the conventional LiB 
electrolyte are lithium carbonate (Li2CO3) and lithium alkyl carbonates (ROCO2Li), both of which 
are believed to react with PF5 to form phosphates (OP(OR)3).14 As more of the electrolyte is 




directly to the electrolyte, whereupon the electrolyte is free to exothermically react with intercalated 
lithium via the following reactions.14 
2!" + 2BCD1B → 	!";21B + 2;CD (1.4) 
2!"	 +	2BC%1B → 	!";21B 	+	2BC% (1.5) 
Consequently, the graphitic anode will exothermically react with electrolyte, resulting in 
greater heat generation.15 The cathode can also react with the electrolyte. Furthermore, lithium 
cobalt oxide (LiCoO2), one popular choice of cathode, has been known to be an effective 
electrocatalyst for oxygen evolution reactions. Production of oxygen can result in the combustion of 
the already volatile electrolyte, which has a flash point of 25°C and boiling point of 90°C.16 Any 
combination of these exothermic reactions can also result in degradation of other battery 
components, such as the separator. Once the separator deteriorates, the electrodes are in direct 
contact and a short circuit is created. This may also result in a safety incident.  
Batteries rely heavily on circuit breakers to ensure proper operation, though electronic 
mechanisms are ill-suited to counteract any in-situ heat generation arising from electrochemical 
reactions, much less thermal runaway.17 Alternatively, other safety mechanisms have largely been 
resigned to the research stage and rely on destructive methods to immediately halt further 
progression of some of the highly exothermic reactions mentioned above.  
1.2. Exploration of Switchable Electrolytes as a LiB Safety Mechanism 
 
Because of the inherent safety issues associated with the traditional LiB electrolyte, 
modification of the electrolyte itself may be a possible solution. Ionic liquids (ILs), which are salts 
with melting points below 100°C, are an interesting category of solvents that have been studied as 
battery electrolytes, though they have found uses in other applications such as CO2 capture18-20 and 
product separation21-24 among others. The properties of ILs can effectively be tuned through 




could theoretically be designed to enhance their properties, such as high conductivity. Furthermore, 
ILs feature wide electrochemical and thermal stability windows and can have conductivities ranging 
from 10-3-10-2 S/cm.25 
Reversible ionic liquids (RevILs) are IL-like solvents that can switch between either a 
molecular liquid (ML) state or ionic liquid (RevIL) state when external stimuli are introduced. The 
two states will typically differ in property. Some changes include polarity switches26, phase switches27, 
or thermophysical switches28. The property switch can be exploited for a range of uses. One 
particularly interesting class of RevILs that features a thermophysical switch are silylamines. The 
Eckert-Liotta group first reported using a trialkoxysilylamine for the purpose of crude oil 
processing.28 The RevIL form was obtained by bubbling CO2 gas through the ML form. Upon 
heating, the RevIL would then switch back to the ML form. Eq.1.6 shows the simplified equilibrium 
reaction mechanism for the RevIL.  
(1.6)
 
They found that the ML was an extraction solvent for the crude oil. During downstream 
processing, the crude oil can be recovered by switching the ML to its RevIL form since the RevIL 
and crude oil separate upon centrifuging. This work was later expanded upon by the Eckert-Liotta 
group to elucidate synthesis procedures for silylamine-based ILs with different functionalities. 5, 6, 28 
These later studies established structural dependence of the silylamine properties. Properties, such as 
CO2 solubility, viscosity, and onset reversal temperature, were largely dependent on the length of the 




RevIL state was proportional to alkyl chain length while viscosity and onset reversal temperature 
were inversely proportional. The "switchable" property of the silylamine RevIL is advantageous for 
myriad applications, though the functional group modifications will largely be dictated by the 
specific application.  
The Eckert-Liotta group primarily envisioned the silylamines for chemical processing, CO2 
capture, and nanoparticle synthesis, but the compounds could imaginably be repurposed for other 
uses. The thermal switch of the silylamine system can be exploited to circumvent battery failures due 
to temperature elevation. Because the RevIL switches back to the non-ionically conducting ML state 
upon heating, the electrochemical reactions that would otherwise enable electrolyte decomposition 
are halted. Once it reaches ambient conditions, the battery can then be "turned on" again by 
introducing CO2 to the electrolyte. The schematic below illustrates the switch concept for a battery.  
 
Figure 1.1: Thermally Enabled Switchable Battery Electrolyte Concept. Reproduced with permission from E.J. Biddinger. 
 






1.2.1. Electrolyte Formulation: Understanding Effects of Solvent and Salt Pairing 
  
Before the TPSA (RevIL) can be used as an electrolyte in LiBs, the underlying interactions between 
the electrolytes must be better understood. As mentioned in Section 1.1, LiB electrolytes typically 
contain multiple solvents and a lithium salt. The LiB electrolyte would imaginably become more 
complex as more components are added. Because the TPSA (RevIL) system has not been studied 
for battery applications, the system needs to be further studied at each stage of electrolyte 
formulation. This entails understanding the properties of neat TPSA (RevIL) and establishing 
methods of evaluating subsequent TPSA (RevIL)-based mixtures. An important evaluative 





where s is the specific conductance (or conductivity), l/A is the quotient of the length and effective 
area of the electrodes, and R is the bulk resistance of the electrolyte. The conductivity of the 
traditional LiB electrolyte (~10 mS/cm)16 differs from that of aqueous electrolytes by about an order 
of magnitude, as noted by Galinski.25 In comparison, the conductivity of nonaqueous IL-based 
electrolytes can be two orders of magnitude lower than that of aqueous electrolytes.16 Thus, while 
ionic liquids tend to be more stable and have wider electrochemical windows, their low 
conductivities can often be a limiting factor. As is the case with LiB electrolytes, the conductivity, 
however, can be enhanced by pairing the ionic liquids with co-solvents and salts.8 
Jimenez et al. studied solvent effects on the (3-aminopropyl)triethoxysilane (TEtoxySA) 
system as part of a feasibility study for electrochemical product separation.7 The conductivities 
between the neat ML and RevIL states remained largely unchanged. However, they demonstrated 
enhanced conductivity of TEtoxySA (RevIL) upon addition of solvents. Figure 1.2 shows the 





Figure 1.2: Solvent effects on the conductivity of TEtoxySA.7 
Formic acid, methanol, acetonitrile, and dimethyl sulfoxide (DMSO) were observed to increase the 
conductivity of the TEtoxySA (RevIL) solutions. However, the conductivity increases with formic 
acid and methanol may be attributed to a reaction rather than inert solvation of the RevIL ions. The 
conductivity changes can be attributed to the nature of the solvent. Solvents that better dissociate 
ion pairs in solution tend to yield solutions with higher conductivities.29 The dielectric constant is 
believed to be a contributing factor in ion dissociation29-31. Solvents with higher dielectric constants 
will better dissociate ions in solution, leading to an increase in conductivity. Jimenez also 
hypothesized that the difference in conductivities between the co-solvent mixtures was due to the 
degree of ion dissociation.7 Indeed, solvents of higher dielectric constant in Jimenez's study 




ILs, complete ion dissociation would yield a silylated ammonium-type cation and a silylated 
carbamate-type anion.  
The same principle applies for the addition of metallic salts. Co-solvents in LiB systems are 
chosen such that the salt is completely dissociated, thereby leading to an increase in conductivity. 
The conductivity of the solution will increase as the concentration of free ions in solution (i.e. salt 
concentration) increases. For the RevIL-based system, the co-solvent must be able to dissociate both 
the metallic salt and the ionic liquid if appreciable increases in conductivity are to be observed. The 
underlying phenomena in effective electrolyte pairings are the ion-ion interactions that occur 
between the individual components of the electrolyte. Thus, development of the silylamine RevIL as 
a switchable battery electrolyte could be achieved by understanding of the ion-ion interactions at 
each stage of formulation. The findings could then be used to methodically modify the silylamine 
RevIL such that complete ion dissociation is obtained. Furthermore, the silylamine RevIL can be 
modified to minimize any ion-ion interactions that would result in the formation of unwanted 
aggregates upon salt addition. This would enable higher salt solubility within the RevIL and 
consequently, higher conductivity.  
It is also important to note that the conductivities of the ML solutions were lower than those 
of the RevIL solutions in Jimenez's study.7 The change in conductivities would be useful in the 
realization of silylamine-based switchable IL electrolyte. Under normal battery operation, the 
electrolyte would contain the silylamine in its conductive RevIL state. If the reversal temperature of 
the RevIL was reached during a thermal runaway, the RevIL would switch back to its 
nonconducting ML state, effectively halting battery operation. In the context of a RevIL-based 
electrolyte, the thermal switch property of the RevIL must be maintained regardless of the co-
solvent/salt pairings used in the final formulation. The switch can be observed by tracking the 




its reversal temperature, it should still be able to switch back to its ML state in solution. Thus, the 
overarching goal of the thesis is to understand the effect of solvent and salt addition on a 
microscopic scale through ion-ion interaction studies and on a macroscopic scale through 
observable changes in conductivity and structure. The macroscopic changes will also exhibit 
temperature dependence, the understanding of which will be instrumental in developing the 




2. NMR and its Relevance in Ion-ion Interaction Studies 
 
Nuclear magnetic resonance spectroscopy (NMR) is a powerful tool that can be leveraged in 
understanding the neat silylamine RevILs and the RevILs in solution. As more components are 
added into the silylamine RevIL-based solutions, it is important to understand the ion-ion 
interactions within the solution and how they affect the properties of the solution. In particular, salt 
solubility within the silylamine RevIL solution is governed by the ion-ion interactions between the 
components of the solution and will have to be considered when developing the silylamine as a 
switchable component in a battery electrolyte. Furthermore, as more components are added, the ion 
diffusion through the bulk electrolyte may also change. Two types of NMR experiments are useful 
in probing such ion-ion interactions and observing the change in ion behavior through electrolyte 
media: nuclear Overhauser effect spectroscopy (NOESY) and pulsed gradient spin echo (PGSE) 
experiments. This chapter will explore how these experiments have been used in studying ion-ion 
interactions and battery electrolytes in general.  
NOESY-type experiments have been performed with traditional ionic liquids to explain their 
interactions with salt species.32, 33 Moreover, these experiments can be useful in identifying functional 
groups that contribute to low salt solubility in ionic liquids. Because the ability to tune the properties 
(e.g. conductivity, reversal temperature, and viscosity) has been illustrated with the silylamine5, 6, the 
NOESY-type experiments will also offer insight on both the effects of certain types of functional 
groups and of variation within the functional groups themselves (e.g. variation of alkyl chain 
lengths). Other considerations are the interactions that lead to salt solubility and the effect that bond 
length may have on such interactions. For bulkier molecules, regardless of the system, steric effects 
are pronounced. Once the salts are added and interact with an IL (be it traditional or RevIL), they 




any possibility of the formation of new products. Thus, the underlying assumption is that the salt 
does not react with the ionic liquid itself to form a new product.  
Khatun demonstrated the utility of 1H-19F HOESY and 1H-1H NOESY experiments in isolating 
the interactions between Ru2+(bpy)3 and four bis-(trifluoromethanesulfonyl)imide (TFSI)-based ionic 
liquids.32 The TFSI-based ionic liquids are traditional ILs. The tail lengths and head groups of the 
ionic liquid cations, pictured in Figure 2.1, were varied. Two of the ionic liquids had imidazolium 
cations, one with a butyl group and the other with an octyl group. The other two ionic liquids had 
pyrrolidinium cations; one with a butyl group and the other with a decyl group. The NMR 
experiments revealed that solute-anion interactions were stronger for shorter alkyl tail lengths. This 
was also true of the ionic liquids with aromatic head groups compared to those with aliphatic head 
groups. They also noted the change in local environments depending on the structure of the ionic 
liquids. The ionic liquids with longer alkyl tails would create hydrophobic regions. 
 
Figure 2.1: Four TFSI-based ionic liquids studied using NOESY experiments to identify interactions between the ionic 
liquid and the Ru2+(bpy)3 solute that resulted from changes in functionality. The effects of having an aromatic or aliphatic 
head group and of varying the alkyl chain length were studied. Figure modified from Khatun.32 
Castiglione performed 1H-7Li HOESY and 1H-19F HOESY experiments on a solution of 
LiTFSI in N-butyl-N-methylpyrrolidinium TFSI (PYR14TFSI) to understand the local environment 




it would be expected to interact with the anion of the ionic liquid. Consistent with the results shown 
by Khatun, the authors noticed that the cations of the solute and the solvent interacted despite both 
having positive charges.33 Thus, the suggestion was that the Coulombic repulsions may be secondary 
to the local environments created by the ionic liquid structure.33 The issue may then become whether 
the ionic liquid creates different regions that may be conducive to salt aggregation. 
This, however, does not mean that the Li+ ion did not interact with the anion since the 
HOESY experiments done in the study only probed interactions between 7Li and 1H, not 15N. One 
suggestion offered by Castiglione was that the Li+ and PYR14+ cations may both interact with TFSI-
anion to create a spatial orientation in which the cations are approximately equidistant to the anion 
in the local environment.33 Furthermore, NOESY/HOESY experiments have a spatial limitation of 
about 5Å so cross peaks will only be observed if the nuclei fall within this limit.34 Therefore, there 
may be short contacts between different functional groups but may be too weak to be detected if the 
spatial limitation is exceeded. For the TPSA system, the HOESY experiments could reveal the 
functional groups or regions within the TPSA RevIL with which the lithium salt is likely to interact.  
Pulsed gradient spin echo (PGSE) experiments performed by Castiglione et al. were also 
helpful in determining the transport behavior of the Li salt within the bulk electrolyte.33 These 
experiments can be used to determine self-diffusion coefficients of the cations and anions of the 
solution. The diffusion coefficient is dependent on the gradient pulse and is obtained by fitting the 
NMR intensities to the relationship below:35 
 
Q	 = 	 QR	?ST U−V(2WXYZ); [Δ −
]
B
^ ∗ 10Da (2.1)
where  
• I = the intensity vector from variation of the gradient strength 




•  g= gyromagnetic ratio 
• G = calibrated gradient strength 
• d= the length of the gradient pulse 
• D= the diffusion time 
Ionic liquids traditionally have a bulky cation, which would diffuse slowly due to its size. 
However, diffusion experiments have shown that Li+ diffusion can be slower than that of bulkier 
ions, which indicates the formation of ion aggregates.33 In relation to the silylamine system, these 
experiments will provide context for ion-ion and ion-solute interactions that are observed 
macroscopically as salt aggregation and precipitation. The Li+ ions should ideally be able to readily 
transport between electrodes through the bulk electrolyte as free ions. If, however, the measured 
self-diffusion coefficient of the Li+ ion is comparatively smaller than that of the bulkier ions of the 
TPSA (RevIL), this could serve as confirmation of aggregate formation. Potential Li+ aggregates are 
undesirable because the solubility limit is reached at much lower concentrations, thereby limiting the 
main source of free Li+ ions within the battery. Furthermore, the concentration of free Li+ ions 
available for intercalation during battery cycling effectively decreases, which is detrimental to battery 
operation. Aggregate formation manifests from strong ion-ion interactions and could affect the 
transport properties of the Li+ ions within the electrolyte. PGSE NMR can be used to assess 
whether aggregate formation occurs for a particular electrolyte formulation and the degree to which 
it occurs. This would give an indication of which electrolyte formulations are viable and aid in 




3. Experimental Methods 
 
3.1. Synthesis and Sample Preparation of Silylamines 
 
The silylamines were synthesized in-house as per the procedure outlined by Rohan et al.5 The 
synthesis procedure results in the attachment of an amine group to the silicon atom via a propyl 
chain linker and entails a single synthesis step and two separation steps. The reaction mechanism is 
shown below. 
 
Figure 3.1: Reaction mechanism for synthesis of (3-aminopropyl)tripropylsilylamine (ML) 
3.1.1. Synthesis: Reflux 
The synthesis step follows the reaction mechanism shown in Figure 3.1. The components (in their 
respective quantities) were added in the following order: tripropylsilane (16.7mL), Pt-DVDS catalyst 
(0.6mL), and toluene (40mL). Allylamine (12mL) was added after the rest of the components were 
heated up to 110 °C in the flask.  
The setup used a 100mL three necked round bottom flask. Each of the following was 
connected to one of the necks: distillation column, rubber septa, thermometer. The system was 
purged with N2 gas for 20 minutes before any of the reactants were introduced. After the purge 
period, the reactants were injected through the rubber septa into the round bottom flask (rbf). With 
the exception of allylamine, the components were introduced at room temperature. After heating the 
sample to 110°C, allylamine was added. The contents of the rbf were maintained at 110°C and the 




reaction was determined by monitoring the Si-H proton of the tripropylsilane precursor. This was 
done using 1H NMR. Figure 3.3 and Figure 3.4 show the 1H NMR spectrum of the mixture before 
reaction and after the reaction was completed, respectively.  
 
Figure 3.2 Reflux distillation setup for synthesis of silylamines.36 
 
 





Figure 3.4: 1H NMR spectrum of reactant mixture after a three-hour reflux period. Disappearance of Si-H peak indicates 
completion of reaction.36 
 
3.1.2. Separation/Purification: Rotary Evaporation and Vacuum Distillation 
 
After the reflux step, the solution was then transferred to a rotary evaporator setup to 
remove excess allylamine and toluene. The contents were placed in the sample rotary flask. The 
condenser is connected to a chiller set at 5°C and a vacuum pump, the latter of which allowed for 





Figure 3.5: Rotary evaporation setup for silylamine purification.36 
Evaporation of the allylamine and toluene was achieved by reducing the pressure within the rotary 
evaporator to 10 mbar and immersing the sample rotary flask in a water bath set at 55°C. The setup 
was allowed to run for an hour until the excess allylamine and toluene were removed. After the 
rotary evaporation step, the Pt-DVDS catalyst and TPSA(ML) should be the only contents in the 
sample rotary flask. This mixture was purified further using vacuum distillation. 
The Pt-DVDS catalyst and TPSA were then transferred into an insulated rbf to undergo 





Figure 3.6: Vacuum distillation setup for silylamine purification.36 
Vacuum distillation was performed to separate the molecular liquid from the catalyst. The distillation 
column was connected to a vacuum pump and chiller. The cooling water running through the chiller 
was maintained at a temperature of 5°C, which allowed the vaporized TPSA to condense. The 
system pressure was lowered to approximately 1 mbar. The contents of the flask were then heated to 
85°C to vaporize the ML, which then condensed back into the rbf. The final product was then 
collected in the rbf and was ready for use. 
3.1.3. Conversion of Molecular Liquid to Ionic Liquid 
 
Once the molecular liquid was synthesized, the ML could be readily converted to its ionic liquid 




RevIL. Usually, the ML was paired with solvents in the present study, though they can be converted 
in a neat form. The experimental setup is shown in Figure 3.7. 
 
Figure 3.7: Bubbling setup for conversion of ML to RevIL.36 
The samples were prepared in two-dram glass vials sealed with a rubber septa and tape (VST). The 
vial was purged with N2 gas for 15-minute purge period before introducing the ML and co-solvent. 
The VST was weighed after purging. For these studies, DMSO was used as a co-solvent. The ML 
and co-solvent were added in quantities such that a mixture of 5 mol% TPSA(RevIL) in DMSO was 
obtained after conversion. Weights of the VST were also taken as the ML and DMSO were 
individually introduced. As shown in Figure 3.7, CO2 gas was bubbled through an 18-gauge needle 
and a 21-gauge needle was used as a vent. The needles were weighed before and after bubbling. The 
final VST/IL/DMSO mixture was also weighed to confirm a change in mass after conversion and 





The theoretical CO2 uptake of the ML is 0.5 mol CO2/mol ML. However, the uptakes were 
observed to be higher both for neat ML and ML in DMSO. Switzer et al. attributed the enhanced 
uptake in neat ML to CO2 chemisorption and physisorption.37 Additionally, they confirmed, via 
NMR, that the ML could also be converted to a carbamic acid intermediate, shown in Figure 3.8.37 
 
Figure 3.8: Carbamic acid intermediate 
Both physisorption and the formation of carbamic acid would increase the CO2 uptake. The 
uptake was further enhanced when DMSO was added. This could be attributed to further CO2 
physisorption in DMSO (about 0.16 mol CO2/mol ML, as determined by experiment). DMSO 
accounted for 95 mol% of the TPSA(RevIL)/DMSO mixture. Table 3.1 summarizes the CO2 
uptakes of the neat ML and 5 mol% TPSA(RevIL) in DMSO. Also listed is the uptake obtained by 
Switzer et al. 
Table 3.1: CO2 uptake of neat TPSA (RevIL) and 5 mol% TPSA (RevIL) in DMSO 
Sample CO2 uptake (mol CO2/mol ML) 
TPSA (RevIL, neat)37 0.64 
TPSA (RevIL, neat) 0.59 
TPSA (RevIL, in DMSO) 0.87 
 
The discrepancy in the CO2 uptake of the neat TPSA(RevIL) between Switzer's study and in this 
study result from the difference in experimental methods. Switzer used a porous diffuser tube for 





3.1.4. Conductivity Measurements 
 
Conductivity measurements were performed using an in-house built cell composed of two 0.762 
mm diameter Pt wires.7, 36 The cell is shown in the Figure 3.9. 
 
Figure 3.9: In-house built conductivity cell.36 
The wires were exposed on both ends. The longer end was immersed in the sample, which 
was contained in a 1 mL class A volumetric flask. The other end was connected to a Gamry 
Interface 1000 potentiostat. At the start of each experiment, the conductivity measurement of 0.01M 
potassium chloride (KCl) was used to determine the cell constant of 0.5284cm-1. A potentiostatic 
electrochemical impedance spectroscopy (EIS) experiment was used to determine the impedance 
and was later correlated to the conductivity via Eq. 1.7.  The initial and final frequencies were 
100,000Hz and 0.01Hz, respectively. The data was spaced logarithmically, with a total of thirty 
points and ten points/decade in frequency. The procedure was used for electrolyte characterization 
at different stages: neat ML and RevIL, RevIL/co-solvent mixture after conversion, co-solvent 
mixtures sans RevIL, and RevIL mixtures containing Li salts. 





The conductivity measurements were also performed as a function of temperature. The 1mL class A 
volumetric flask was placed in a sand bath, connected to an external temperature controller. A 
thermometer was placed directly in the flask during the equilibration period to ensure that the 
sample was at the desired temperature. Once this temperature was reached, the sample was allowed 
to equilibrate for ten minutes before conductivity measurements were taken. Figure 3.10 shows the 
setup for the temperature-conductivity studies.   
 
Figure 3.10: Sand bath setup for variable temperature conductivity studies. 
3.1.5. Solubility Studies 
 
Solubility studies were performed using a stock sample of 10 mol% TPSA (RevIL) in DMSO 
mixture. Salt concentrations between 0M to 0.2M were tested. The salts used for these studies were 
LiPF6 and LiTFSI. The lithium salts immediately formed aggregates and precipitated when directly 
added to the TPSA(RevIL)/DMSO mixture. To circumvent this problem, the salts were first 




in DMSO to obtain the desired salt concentration. The final concentration of TPSA (RevIL) was 5 
mol% in DMSO. 
3.2. Characterization: FT-IR and NMR 
3.2.1. FT-IR Studies 
 
Attenuated total reflectance (ATR) Fourier-transform infrared (FT-IR) studies were performed on a 
Thermo Scientific Nicolet iS50 FT-IR paired with a Specac heated Golden Gate ATR accessory. 
The ATR accessory was equipped with zinc selenide (ZnSe) lenses. The ML and RevIL differ in 
functional groups at the end of the propyl linker, i.e. the terminal group of the ML is an amine 
group while the RevIL features a cation with a positively charged ammonium group at the end of 
one propyl linker and an anion with a negatively charged oxygen atom on a terminal carbamate 
group. Because the RevILwill switch to the molecular liquid upon the application of heat, these 
structural changes can be observed via FT-IR. The FT-IR setup is shown in Figure 3.11: (a) shows 
the FT-IR with the temperature controller while (b) shows a top view of the sample loading location 
on the Golden Gate accessory. 
 




An AS568 DuPont Kalrez O-ring with a nominal inner diameter of 0.07in was used to hold 
the sample in place. The amount of sample required depends on the penetration depth and the size 
of the O-ring. The penetration depth (dp) is a wavelength dependent parameter and is calculated 








where  l1 is the wavelength in the ZnSe lenses, n1 is the refractive index of the ZnSe lenses, and n2 is 
the refractive index of the sample. The refractive index of the ZnSe lenses as provided by Specac is 
2.4 and the refractive index of the TPSA (RevIL, neat) sample was experimentally determined to be 
1.475. Using the refractive indices, the penetration depth for a range of wavenumbers (inverse 
wavelength) is given below.  
Table 3.2: Penetration depth through ZnSe lenses and neat (3-aminopropyl)tripropylsilane (RevIL) sample 








Taking the upper limit of the penetration depth and accounting for the size of the O-ring, 
approximately 0.04µL of sample would be required. TPSA (ML) and TPSA (RevIL, in DMSO) have 
refractive indices of 1.455 and 1.477, respectively. Using the same calculation method above, the 
required amount of sample for both would also be approximately 0.04uL.  However, 50µL was used 
because the sample underwent evaporation when heated. Thus, 0.04µL is the minimum amount of 




A background spectrum was collected prior to each sampling. The first spectrum was 
obtained at 25°C. Thereafter, the spectra were acquired every 15°C, starting at 45°C and ending at 
120°C. Once the Golden Gate reached the setpoint temperature, the sample was allowed to 
equilibrate for ten minutes before data acquisition.  
3.2.2. NMR Studies 
 
Standard NMR experiments such as T1 inversion recovery, 1D 1H, 1D 13C and 2D 1H-13C HSQC 
were performed on samples of neat TPSA (RevIL) and 5 mol% TPSA (RevIL) in DMSO-d6. 
Additionally, 1H-1H NOESY experiments were performed on these samples. The neat TPSA(RevIL) 
sample contained a coaxial insert of DMSO-d6, which acted as the locking solvent. The HSQC 
experiments were acquired with 512 increments in the t1 dimension and 4 scans. The 1H-1H 
NOESY experiments were acquired with 400 increments in the t1 dimension with 8 scans and a 
mixing time of 25ms. These spectra were obtained on a Bruker AVANCE III HD 800 MHz 
spectrometer equipped with a 5-mm triple resonance inverse TCI CyroProbe.   
For the 0.08M LiPF6 in 5 mol% TPSA (RevIL) in DMSO samples, 1D 7Li, 1D 19F, 1H-7Li 
HOESY, and 1H-19F HOESY spectra were also obtained. The 1H-7Li HOESY experiment was 
acquired with 400 increments, 24 scans, and a mixing time of 5ms. The 1H-19F HOESY was acquired 
with 100 increments, 32 scans, and a mixing time of 100ms. The 1H-7Li HOESYspectra were 
obtained on a Bruker AVANCE III HD 300 MHz spectrometer equipped with a 5-mm multinuclear 
double resonance Broadband Observe probe. The 1H-19F HOESY spectra were obtained on a 
Bruker AVANCE III HD 700 MHz spectrometer equipped with a 5-mm triple resonance inverse 
TCI CyroProbe. An external standard of 1M LiCl in D2O was used for 7Li NMR.  
Diffusion experiments were also performed on the 0.08M LiPF6 in 5 mol% TPSA (RevIL) in 
DMSO samples. One-dimensional experiments at gradient strengths of 2% and 98% were used to 




combination of the d and D  yielded a signal intensity of the desired peak in the 2% spectrum that 
was 5% of the signal intensity in the 98% spectrum, the parameters were migrated to 2D 
experiment. The experiment utilizes a chirp pulse. The diffusion experiments were done on a Bruker 
AVANCE III HD 300 MHz spectrometer equipped with a 5-mm multinuclear double resonance 







4.  Results and Discussion 
4.1. Conductivity and Solubility Tests 
 
As mentioned in Chapter 1, the ion-ion interactions can manifest as measurable changes in 
properties, such as conductivity. Thus, when salts and solvents are introduced in an electrolyte 
mixture, they may interact to change the properties of the electrolyte. Two of the properties assessed 
in the TPSA (RevIL)-based mixtures were conductivity and solubility. The conductivities of TPSA 
(ML, neat), TPSA (RevIL, neat), and TPSA (RevIL) in DMSO served as controls against which the 
conductivities of TPSA (RevIL)-based mixtures were compared. Table 4.1 summarizes the measured 
conductivities of TPSA (ML), TPSA (RevIL), and 5 mol% TPSA (RevIL) in DMSO. 






TPSA (RevIL) + 
DMSO 
Conductivity 
(mS/cm) 0.0016 ± 0.0001 0.0018 ± 0.0005 0.2932 ± 0.004 
 
TPSA in its neat form (be it ML or RevIL) has a low conductivity, as determined by 
experiment. The conductivity improves drastically with the introduction of DMSO as a co-solvent. 
This can possibly be attributed to the dissociation of the RevIL into free ions within the solution. 
Previous studies in the group showed that the 5 mol% TPSA (RevIL) in DMSO mixture yielded the 
maximum conductivity when a range of mole percentages of TPSA (RevIL) in DMSO was studied.36 
Another additive that could increase the conductivity of the TPSA (RevIL)-based solution is 
a metallic salt. Additionally, if TPSA (RevIL) is to be used as a switchable component in a battery 
electrolyte, the ion-ion interactions between TPSA (RevIL) and metallic salts need to be understood. 
A viable metallic salt should increase conductivity of the TPSA (RevIL)-based solution. The group 
previously performed conductivity tests with zinc salts in 5 mol% TEtSA (RevIL) in DMSO.36 Zinc 




of TEtSA and were observed to increase the conductivities of the TEtSA in DMSO solutions. The 
studies demonstrated the importance of salt selection for the TEtSA in DMSO solutions because 
the salts are limited by its solubility. 
To assess viable salts in TPSA (RevIL)-based solutions for implementation in LIBs, similar 
tests were performed with two lithium salts, LiPF6 and LiTFSI. The conductivity measurements 
were determined at the solubility limits, both of which are summarized in Table 4.2. 
Table 4.2: Conductivities taken at the solubility limits of lithium salts in TPSA (RevIL)-based mixtures 





LiPF6 1.842 0.15 
LiTFSI 1.194 0.10 
TPSA 
(RevIL)/DMSO/EC 
LiPF6 2.161 0.08 
LiTFSI 1.445 0.08 
 
Mixtures of 5 mol% TPSA (RevIL) in DMSO and TPSA (RevIL)/EC/DMSO (5:53:42 mol%) were 
tested. The reason for testing the latter was twofold. As more components are added into the 
electrolyte mixture, different ion-ion interactions may possibly be observed and could lead to a 
change in the properties of the electrolyte. Moreover, initial battery tests done in the group 
demonstrated that the RevIL/DMSO mixture failed during cycling; this was theorized to be the 
result of an unstable SEI layer. In subsequent tests, EC was added to the mixture with the 
hypothesis that a stable SEI layer would form and allow the battery to cycle. While not an ion-ion 
interaction within the electrolyte, the formation of the SEI layer results from the interaction of the 
electrolyte with the electrode. 
In all cases, the solubility limits of the lithium salts in the tested solutions were below 1M. The 
LiPF6 in TPSA(RevIL)/DMSO mixture had the highest solubility limit, with a salt concentration of 
0.15M. Interestingly, while the solubility limits of LiPF6 and LiTFSI differed for the 




However, the solution containing EC had slightly lower solubilities which could result from an ion-
ion interaction of EC with one of the components of the TPSA(RevIL)-based mixture. At the 
solubility limits for the respective salts, the conductivity increased by an order of magnitude 
compared to the TPSA(RevIL)-based mixtures without salt. Higher conductivities were consistently 
observed for the solutions containing LiPF6 salt. The conductivity of the LiPF6 in TPSA 
(RevIL)/DMSO/EC solution was 50% higher compared to the respective LiTFSI solution. For 
reference, the standard Li-ion battery electrolyte uses a 1M LiPF6 in EC/DMC formulation, which 
has a conductivity of 10 mS/cm.16 Although the salt concentrations of LiPF6 and LiTFSI in the 
TPSA (RevIL)-based mixtures are well below that of LiPF6 in the standard battery electrolyte, their 
conductivities are still relatively high. Thus, the TPSA(RevIL)-based solutions have conductivities 
that could make them viable for use in an electrolyte system. Furthermore, any viable salt should 
have a relatively high solubility limit and conductivity. Based on these findings and for consistency in 
future battery tests, TPSA(RevIL)-based solutions containing LiPF6 salt will best serve as a model 
system for understanding ion-ion interactions as part of developing TPSA(RevIL) for use in a 
battery.  
4.2. NMR Studies of TPSA (RevIL)-based Mixtures and Ion-Ion Interactions 
 
While ion-ion interactions can be understood in terms of larger measurable property changes 
such as conductivity and solubility, they can also be probed on a molecular level via NMR to identify 
methods of improving future electrolyte formulations. This would entail isolating certain functional 
groups within the TPSA(RevIL) that are more likely to interact with the salt. The properties of the 
silylamine RevILs themselves can be tuned via structure functionalization.5, 6 This suggests that the 
property changes which were studied could be further improved upon through careful tailoring of 





To better understand the structure of TPSA, a series of 1D and 2D NMR experiments were 
performed. Quantitative 1H and 13C NMR were obtained for both neat TPSA (RevIL) and 5 mol% 
TPSA (RevIL) in DMSO-d6 to understand the base structure. As mentioned in Section 3.2.2, T1 
inversion recovery tests were run to determine the 5´T1 needed to produce a quantitative spectrum. 
The longest T1 value of 1.102 s, corresponded to the CH3 peak of neat TPSA (RevIL). Additionally, 
heteronuclear single quantum correlation (HSQC) spectra were also obtained for assignment of 
through-bonded carbon and proton atoms.  The 1H NMR spectrum for neat TPSA (RevIL) is 
shown in Figure 4.1. The upper line labeled "x8" shows the spectrum magnified by a factor of 8. 
 
 
Figure 4.1: Quantitative 1H NMR spectrum of neat TPSA (RevIL) 
The peaks in the spectrum are broad due to the high viscosity of the neat sample. The unlabeled 
peaks correspond to impurities in the sample such as residual allylamine and toluene. This in 




studies within the group showed that certain solvents, such as formic acid, may react with 
TEtoxySA.7 Viable co-solvents should not react with the silylamine RevIL to form undesirable 
products. Therefore, the NMR spectrum of the RevIL paired with a co-solvent should be similar to 
that of the neat RevIL. For this reason, a spectrum of the neat sample was obtained to assign the 
main peaks. The largest peaks, which are in the 0-1.2 ppm range, correspond to the alkyl groups 
attached to the Si atom. The methylene groups on the linker between Si and the ion were shifted 
more downfield, with group 5 located at 1.2 ppm and group 6 located at 2.7 ppm. Protons of the 
ammonium cation and the carbamate anion were shifted further downfield. The peak at 5.3 ppm 
corresponds to the amide proton of the carbamate anion and the broad peak at 9.2 ppm 
corresponds to the protons of the ammonium cation and the end proton of the carbamate anion. 
Similarly, a 1H NMR spectrum of 5 mol% TPSA in DMSO-d6 was obtained and is shown in 
Figure 4.2. The upper line labeled "x8" shows the spectrum magnified by a factor of 8. 
 




The methylene groups, 3 and 4, attached directly to the Si atom are the most upfield at 0.56 ppm 
and 0.52 ppm, respectively. The methyl group (1) is found at 1.0 ppm and is followed by the 
methylene groups 2, 5, and 11. Group 2 is found slightly under 1.4 ppm and groups 5 and 11 
correspond to the overlapping peak at 1.4 ppm. The methylene groups adjacent to the charged 
ammonium group and the carbamic ion group (6 and 10, respectively) experience a downfield shift, 
placing them at a chemical shift near 3.0 ppm. The protons on the charged ammonium group and 
on the carbamate ion/acid are the most downfield. The peak at 6.7 ppm corresponds to the amide 
proton of the carbamate anion and the broad peak at 8.5 ppm corresponds to the protons of the 
ammonium cation and the end proton of the carbamate anion. The chemical shifts differ slightly 
from the neat TPSA (RevIL) chemical shifts, which is to be expected in the presence of a solvent. 
However, the main peaks remain the same.  
Figure 4.3 shows the 13C NMR spectrum of neat TPSA (RevIL). A DMSO-d6 coaxial insert 
was used, giving a signal at approximately 40 ppm. Like with the 1H NMR spectra, the peaks were 





Figure 4.3: 13C NMR spectrum of neat TPSA 
 
The largest peaks correspond to the carbons of the alkyl groups, with the methyl group (1) being the 
most intense peak, followed by the methylene group (2) and (3). These correspond to the peaks at 
18, 17, and 15 ppm, respectively. The other methylene groups on the linker between the Si atom and 
the ions were less intense and shifted slightly downfield due to their proximities to the ions. The 
carbonyl of the carbamate ion is found around 162 ppm. 
Figure 4.4 shows the 13C NMR spectrum of 5 mol% TPSA in DMSO-d6. The same peaks from the 
neat spectrum were present in the spectrum of TPSA in DMSO. However, the signals from 6 and 8, 





Figure 4.4: 13C NMR spectrum of 5 mol% TPSA in DMSO-d6 
Figure 4.5 shows the CH through-bonding behavior from the HSQC experiment. The HSQC 
experiment was performed on TPSA and TPSA in DMSO-d6. The top projection corresponds to 
the 1H NMR spectrum and the left projection corresponds to the 13C NMR spectrum. The cross 
peaks essentially allow for matching of protons to certain carbon groups. Coupled with the 





Figure 4.5: HSQC NMR spectrum of neat TPSA (RevIL) 
The only unmatched group in the HSQC is 6. In this general region, the cross peak overlapped with 
other noise peaks at higher magnification. However, a cross peak is observed when the projection 
tool in TopSpin, Bruker's NMR analytical program, is used. 
Figure 4.6 shows the HSQC of the 5 mol% TPSA (RevIL) in DMSO. As with the HSQC 
spectrum of the neat TPSA sample, this HSQC spectrum was used to assign the peaks in the 





Figure 4.6: HSQC NMR spectrum of TPSA (RevIL) in DMSO-d6 
Figure 4.7 shows the NOESY spectrum of TPSA in DMSO-d6. The diagonal peaks 
correspond to the 1D 1H NMR spectrum. The cross peaks correspond to through space correlations 





Figure 4.7: NOESY NMR Spectrum of TPSA (RevIL) in DMSO-d6 
The cross peaks should theoretically give the through-space correlations. However, the 
groups labeled 1, 2, and 3 are either directly bonded or exist in the same spin set. In this case, groups 
1 and 2, and 2 and 3 are directly bonded to each other and would therefore be in close spatial 
proximity. Cross peaks are observed for those two groupings. It is important to note that the 
NOESY spectrum on the TPSA system is not particularly interesting as it only shows the 
interactions for one species. The spectrum will exhibit cross peaks that are consistent with the 
proposed structure, since the bonded groups are close in space. The cross peaks indicate an 




the IL structure as the cation and anion should be in close spatial proximity. The smaller peaks that 
follow the trajectory of the 1, 2, and 3 peaks from the top projection are most likely t1 noise. 
The interaction between the salt and TPSA are probed via HOESY. Based on the 
conductivity and solubility studies, lithium hexafluorophosphate (LiPF6) was selected for the study. 
Moreover, it allows for direct comparison to the benchmark electrolyte. The structure of the salt is 
given below. 
 
Figure 4.8: LiPF6 
The fluorine atoms are equivalent and therefore, would only produce a single signal. However, due 
to the presence of phosphorus in LiPF6 the 1D 19F experiment would produce splitting, giving rise 
to 2 peaks in the spectrum.39 The 1D 7Li experiments only have one signal because the salt only has 
one type of Li species and is not coupled to other nuclei. These atoms could possibly interact with 
the protons of the silylamine. In particular, the most accessible functional groups are the alkyl chains 
bonded directly to the silicon atom.  Toward that end, NMR can be used firstly to study the ion-ion 
and ion-solvent interactions that cause ion aggregation. This would identify the functional groups 
that directly participate in ion aggregation. After isolating these functional groups, the silylamine 
structure can be tuned in an informed manner.  The interactions between the salt and the silylamine 
were probed through a 1H-7Li HOESY experiment and 1H-19F HOESY experiment. The lithium 
atoms are typically solvated easily due to their small size40 and it is therefore expected that through-




Figure 4.9 shows the 1H-7Li HOESY and 1H-19F HOESY spectra. The top projection 
corresponds to the 1H spectrum while the left projections from top to bottom correspond to the 7Li 
and 19F spectra, respectively. In both cases, strong intensity cross peaks are observed for the protons 
of the alkyl chain, the strongest of which correspond to the methyl protons. 
 
Figure 4.9: (Top) 1H-7Li HOESY, (Bottom) 1H-19F HOESY of 0.08M LiPF6 in 5 mol% TPSA (RevIL) in DMSO-d6 
What is unexpected however, is that no cross peaks were observed where the cation and 
anion are expected to be. This can be attributed to a number of reasons. If the ionic liquid or salt is 
not completely dissociated, it becomes sterically unfavorable for free salt ions to occupy the regions 




most accessible. Thus, expectation requires that DMSO completely dissociates both the salt and the 
ionic liquid though this is unlikely to occur. Free Li+ ions were also expected to interact with the 
anion, which would explain the salt aggregation issue. Although a cross peak was not observed, the 
interaction between Li+ and the anion of the TPSA (RevIL) could still be possible. Due to the 5Å 
limit, it may be difficult to observe any cross peaks in an experiment probing only protons in the 
direct dimension. The Li+ would bond with the negatively charged oxygen atom, which would place 
Li+ about 3 bonds away- well above the 5Å limit. 
Moreover, despite coulombic repulsions, Li+ ions are expected to interact with protons near 
cations. This is because Li+ ions are solvated easily, attracting negatively charged ions and producing 
a compound that may have a net negative charge. In this case, it may interact with groups that are in 
close proximity to the positively charged ion. Another reason that results from partial dissociation of 
the salt and the ionic liquid is that the PF6- anion of the salt is hydrophobic in nature. If the salt is 
only partially dissociated or in the likely case that Li+ is solvated, the Li+ ion would be in similar 
spatial proximity to the PF6- anion as the TPSA cation. The hydrophobic PF6- anion will have an 
affinity for hydrophobic regions of TPSA (RevIL), which are the alkyl chains. 
Diffusion experiments were also performed to further understand the transport in the bulk 
media. If the ions are indeed aggregating, the diffusion coefficient would drastically differ as the ions 
are no longer capable of freely moving within the solution. Using PGSE NMR, the diffusion 
coefficients of Li+ and TPSA were determined. The signal intensities can be used to determine the 
diffusion coefficients using the relationship given in Eq. 2.1. Figure 4.10 shows the fitting of Eq. 2.1 





Figure 4.10: Li+ diffusion coefficient of 0.08M LiPF6 in TPSA (RevIL)/DMSO 
The diffusion coefficient of Li+ in 0.08M LiPF6 in TPSA (RevIL)/DMSO was 1.57´10-10 m2/s while 
the diffusion coefficient of Li+ in 1M LiPF6 in EC/DMC is 2.45´10-10 m2/s.41 Though the diffusion 
coefficients have the same order of magnitude, it is important to note that the TPSA sample only 
has a salt concentration of 0.08M while the standard electrolyte has a salt concentration of 1M. As 
salt concentration increases, the diffusion coefficient should decrease. Due to the issue of salt 
precipitation, the salt concentration in TPSA/DMSO cannot be increased past 0.08M. However, if 
the concentration could be increased to 1M, the diffusion coefficient would most likely much lower 
than the diffusion coefficient of Li+ in the standard electrolyte. 
The diffusion coefficient of TPSA in the TPSA (RevIL)/DMSO mixture was also measured. 




to be 4.99´10-10 m2/s. The diffusion coefficients of EC and DMC and DMC in the standard 
electrolyte mixture (4.59´10-10 m2/s and 5.97´10-10 m2/s, respectively) are similar to that of TPSA.41  
 
Figure 4.11: TPSA diffusion coefficient of 0.08M LiPF6 in TPSA (RevIL)/DMSO 
 
The sample was a mixture of TPSA and DMSO, which would explain the diffusion coefficient. Neat 
TPSA would have a much lower diffusion coefficient due to its high viscosity. Another interesting 
result is that the diffusion coefficient of Li+ was lower than TPSA despite its size. This is because Li 
is much more likely to be solvated and thus, as is consistent with results from Castiglione, will 





4.3. Temperature Dynamics and Switchability Studies 
 
In addition to understanding the ion-ion interactions that occur within the electrolyte mixture and 
their property effects, another important property of the TPSA(RevIL) to understand is its 
reversibility. The silylamine's thermal response is integral to its eventual implementation of the 
silylamine as a safety switch within the battery electrolyte. Because the RevIL switches back to its 
ML form upon heating, the conductivity should also change. The temperature at which this switch is 
induced, however, depends on the silylamine. Rohan identified onset temperatures for reversal for 
TEtSA, TPSA, and (3-aminopropyl)trihexylsilylamine (THSA), which are summarized in Table 4.3. 
Table 4.3: Onset Reversal Temperatures of TEtSA, TPSA, and THSA5 





It is important to note that these are the temperatures at which the silylamines begin to 
switch. Previous differential scanning calorimetry studies done within the group and by Rohan5 
showed that CO2 is actively released beyond the onset temperature. TPSA, for example, has an onset 
reversal temperature of 64°C, but will release CO2 until a temperature of 120°C is reached. These 
results were obtained for a scan rate of 5°C/min. The final temperature of release is dependent upon 
the scan rate, with slower scan rates finishing the release of CO2 at lower temperatures and faster 
scan rates releasing at higher temperatures. Other methods of monitoring the switch over this 
temperature range are through variable temperature-conductivity studies and FT-IR. The silylamine 
is theorized to exist either in the non-conducting ML or conducting RevIL state. Thus, as the 




be observed. In addition, FT-IR spectra provide complementary structural information that 
distinguishes between the two states upon addition of CO2 or heat. 
4.3.1. Variable Temperature-Conductivity Studies 
 
As seen from Section 4.1, the conductivity of neat TPSA (RevIL) is relatively low while the 
addition of DMSO increases the conductivity by two orders of magnitude. Because the silylamine is 
intended as a thermal switch, the conductivity changes will play an important role in their eventual 
implementation into a battery. For this reason, the temperature dynamics were investigated in part 
by studying the effect of temperature on the conductivity. This was done for both the neat sample 
and 5 mol% TPSA (RevIL) in DMSO. 
The ML and IL forms of neat TPSA have similar conductivities so any variation in 
conductivity would be dominated by changes in temperature, with the change in state acting as a 
secondary factor. Indeed, the conductivities remain relatively low within the tested temperature 
range. Figure 4.12 shows the conductivity change as a function of temperature for neat TPSA. 
 




The solution was allowed to equilibrate for 10 minutes once it reached the target temperature. The 
conductivity was observed to decrease until a temperature of 90°C at which point a maximum 
conductivity of 0.0029 mS/cm is obtained. After this point, the conductivity was approximately the 
same as the starting conductivity. The onset reversal temperature for TPSA is 64°C.  Therefore, the 
similarity in the starting conductivity (TPSA in its RevIL state) and ending conductivity (TPSA in its 
ML state) are consistent with the conductivity measurements of the individual samples taken at 
room temperature. Because the conductivities are so close to zero, it is possible that the fluctuations 
arise from instrumental limitations. Still, this shows that the conductivity of neat TPSA is negligible, 
regardless of the temperature. 
When the same test was performed on a sample of 5 mol% TPSA (RevIL) in DMSO, the 
temperature effect on conductivity was much more apparent. This is shown in Figure 4.13. The 
conductivity increased with the temperature from 20°C to 75°C, at which point the conductivity 
reaches a maximum of 1.13 mS/cm. As the temperature increases, the mobility of ions increases. 
This translates to an increase in conductivity. The viscosity also decreases as temperature increases. 
Furthermore, the switch in TPSA RevIL to ML is reflected in achieving a maximum conductivity. 
The temperature at which the maximum conductivity occurs does not coincide directly with the 
onset reversal temperature. This is possibly due to the presence of solvent, which has an effect on 
the temperature dynamics. Another reason is that as the temperature increases, TPSA exists both as 
an ML and RevIL. The state that dominates at a given temperature will determine the conductivity. 
Additionally, the equilibration times may also change the observations since there was a 10-minute 





Figure 4.13: Temperature-conductivity Study of TPSA in DMSO 
As with neat TPSA, TPSA in DMSO should be in the RevIL state at the first temperature (25°C) 
and in the ML state at the last temperature (120°C). The conductivity tests for neat TPSA showed 
that the conductivities at the endpoints were similarly negligible. This behavior is observed for TPSA 
in DMSO as well. The DMSO increases the conductivity, possibly establishing a baseline above 
which the conductivity will change. That is, variations in the temperature and composition should be 
the only contributing factors to conductivity changes, but these conductivities will remain above a 
certain threshold value. If the switch properties of TPSA are maintained even in the presence of 
DMSO, then the conductivities at the endpoints of the temperature range should be similar, 
following the observation in neat TPSA. This is indeed the case with TPSA in DMSO, suggesting 
that TPSA (RevIL) switches back to TPSA (ML). 
While the temperature of the maximum conductivity differs slightly from the onset reversal 
temperature, the general conductivity-temperature relationship matches expectation. Furthermore, it 
is possible that the temperature effects on conductivity dominate in the first half of the tested 
temperature range. The temperature effects then begin to compete with the structural behavior of 




in conductivity outweighs the decrease in conductivity that arises from the onset reversal of the 
RevIL to ML. At some point within that range, the fraction of ML begins to exceed the fraction of 
RevIL and the properties of the mixture begin to assume those of the ML. Thereafter, the structural 
composition, i.e. ML, takes precedence over the temperature in the conductivity changes. These 
studies demonstrate the promise of using silylamine RevIL-based as a safety switch mechanism on 
the basis of the conductivity decrease at elevated temperatures. However, one avenue of 
improvement could be in further modification of the silylamine RevIL such that the reversal 
temperature could be tuned as desired.  
4.3.2. FT-IR Studies 
 
FT-IR was used to track the structural changes of the RevIL as a function of temperature. 
Figure 4.14 shows the spectra of neat TPSA ML and RevIL at 25°C. In addition, the RevIL after the 
switch at 120°C was also shown to confirm the switch occurred. If the RevIL form switches back to 
the ML form, its structure should be consistent with unreacted ML. Analysis of the FT-IR spectrum 





Figure 4.14: FT-IR spectra of neat TPSA ML and RevIL at 25°C and 120°C, (Inset) Region of interest for RevIL 
The RevIL features much broader peaks. In the 2000cm-1 to 3200cm-1 region, the broad absorption 
can be attributed to the charged ammonium group.37, 39 There are also broad signals contained in the 
1100 cm-1 to 1700 cm-1 region are due to the carbamate ion, with a peak under 1650 cm-1 
corresponding to the C=O stretch of the carbamate ion and the CO2- stretch at 1580 cm-1.37, 39 The 
electron delocalization of the latter is responsible for the broadening of the peaks. At 120°C, the 
peaks are visibly sharper as compared to the broad peaks of the RevIL. This is observed most 
prominently for the peak at 1330cm-1. The RevIL exhibits a shoulder that extend to lower 
wavenumbers for the RevIL that can be attributed to CN stretch.39 
Having identified the peaks of interest, variable temperature FT-IR studies were performed 
for the 5 mol% TPSA (RevIL) in DMSO system. The variable temperature conductivity studies 




ten-minute equilibration period was employed between each temperature. Figure 4.15 shows the 
stacked FT-IR spectra of the sample as a function of temperature. 
 
Figure 4.15: Subtracted variable temperature FT-IR spectra of TPSA(RevIL) and neat TPSA (ML) 
Because TPSA (ML) was immiscible with DMSO, the spectrum of DMSO was subtracted from the 
spectra of TPSA (RevIL) in DMSO for comparison. The spectrum of neat TPSA (ML) has been 
scaled down to 10% of its original intensity for comparison to the TPSA (RevIL) in DMSO spectra. 
As with all of the FT-IR spectra, atmospheric suppression was applied to eliminate any 
environmental artifacts in the spectra. However, there remained a peak above 1700cm-1 that resulted 
from the background as the ambient environment changed over the course of spectral acquisition. 
The spectra display the difference between TPSA (RevIL) in DMSO and neat DMSO to isolate the 




represent physical separation of TPSA (RevIL) from DMSO. Moreover, DMSO was present in 95 
mol% of the solution and would yield intense signals that may remain even after subtraction. 
The most prominent absorption peaks were observed for C=O stretch and CO2- stretch of 
the carbamate anion at around 1700cm-1 and 1545cm-1-, respectively. As temperature was increased, 
these peaks began to disappear. This was consistent with the structure of TPSA (ML), which does 
not have a carbonyl group whereas TPSA (RevIL) does. The shift in the peak position results from 
the change in environment. More specifically, TPSA (RevIL) was contained in a solution with 
DMSO. As with neat TPSA (RevIL) at 25°C, the spectrum of TPSA (RevIL) in DMSO also features 
broad peaks due to the electron delocalization of the charged groups. The peak at 1330cm-1, which 
was broad for TPSA (RevIL) at 25°C, gradually became sharper as temperature increased. The 
spectrum of the RevIL at the highest temperature (120°C) and unreacted neat ML at room 
temperature were essentially the same, indicating a complete switch. The only difference was an 
additional peak at 1435cm-1, which was due to the presence of DMSO. DMSO was chosen as a 
model solvent based on the work of Jimenez and the Biddinger group7, but the development of 
TPSA (RevIL) as a switchable component in a battery electrolyte could conceivably be expanded to 
test additional solvents. This FT-IR study indicated that because the subtracted spectrum of TPSA 
(RevIL) in DMSO matched that of unreacted neat ML, the switch behavior of the TPSA (RevIL) 
was preserved even in solution. As the study is expanded to test different co-solvents in an effort to 
improve the properties of a silylamine RevIL-based electrolyte, FT-IR can also be used to confirm 
the preservation of the reversal process. Furthermore, the FT-IR studies can be expanded to 
understand the underlying kinetics of the switch process since the switch should occur relatively 







This thesis provides a preliminary understanding of the temperature dynamics and the salt 
interactions that lead to ion aggregation. The conductivity and solubility studies provided 
information on viable systems for study. These two parameters were used to evaluate the merits of 
the electrolyte formulations on a macroscopic scale. From these studies, LiPF6 was chosen as the 
model salt for the test electrolyte. The effect of temperature on conductivity and chemical structure 
were also studied. The conductivity reached a maximum 90°C. The FT-IR studies demonstrated that 
the TPSA remained reversible even in the presence of solvent. Thus, FT-IR can be used to assess 
whether electrolyte formulations preserve the reversibility property in a potential battery. 
NMR was used to determine methods of addressing the solubility limit. HOESY experiments 
done on the TPSA (RevIL) indicated that the alkyl groups of TPSA may contribute to the ion 
aggregation. However, these experiments do not definitively rule out the likely interaction between 
Li+ and the TPSA (RevIL) anion. PGSE NMR experiments were also performed to determine the 
changes in diffusion coefficient. Because the ions aggregate, the diffusion coefficient of Li+ would 
decrease as compared to its free ion counterpart. The diffusion coefficient of Li+ ions in the TPSA 
(RevIL)/DMSO system was on the same order of magnitude as the diffusion of Li+ ions in the 
standard Li-ion battery electrolyte, though the former had a lower salt concentration. The diffusion 




6. Future Work 
 
The temperature dynamics studies and salt aggregation studies could be extended. While this 
thesis mainly explored NMR as a technique for understanding salt aggregation behavior, NMR can 
also be used to understand temperature dynamics. It would be interesting to track the structural 
changes of the RevIL as a function of temperature. These studies would complement the results of 
FT-IR and provide structural confirmation of the reversal in both the neat TPSA and TPSA in 
DMSO samples. Another aspect of the temperature dynamics would be a kinetics study. The FT-IR 
studies indicated that the switch was also a time dependent process. In a battery, TPSA would have 
to switch quickly in the event of a temperature spike. Thus, the observed ten-minute equilibrations 
between temperature increases would ideally have to be shortened. 
For future iterations of electrolytes, PGSE NMR can be used to determine whether the 
diffusion coefficient becomes prohibitively slow and therefore unviable for electrolyte use. The suite 
of silylamines developed by Rohan et al.5 and Switzer et al.6 indicate that the TPSA base structure 
could be modified to afford better properties. Thus, organic synthesis of other silylamines should be 
pursued. New silylamines should then be iteratively evaluated via the 2D NMR experiments 
performed herein and tuned accordingly. This procedure would eventually allow for methodical 
development of the silylamine to possibly exhibit enhanced conductivity and solubility and 
decreased viscosity. Once these issues are addressed, any complementary electrochemical studies 
would help determine whether the silylamine can finally be implemented as a switchable battery 







A. Battery Theory and Li-ion Battery Systems 
 
Li-ion batteries have been successively commercialized, notably employing lithium transition 
metal oxides (e.g. lithium cobalt oxide (LCO/LiCoO2), lithium nickel cobalt manganese oxide 
(NCM), lithium nickel cobalt aluminum oxide (NCA), lithium iron phosphate (LFP/LiFePO4), 
lithium titanium oxide or lithium titanate (LTO)) as electrodes. While the electrodes used in Li-ion 
batteries are constantly evolving, the electrolyte has remained unchanged. Despite the safety issues 
presented by the electrolyte, it performs well in Li-ion batteries, even as the electrodes change. While 
novel electrolytes can be explored to address the safety issues, widespread adoption of an alternative 
electrolyte will depend on its performance. This will require understanding of battery operation and 
interactions between the electrode and electrolyte.  




With the Li-ion battery, intercalation is the common mechanism by which the battery operates.43 
The battery itself houses two electrodes sandwiching a liquid electrolyte. The ions typically shuffle 
between electrodes, the direction of which changes based on whether the battery is charging or 
discharging. The charging and discharging mechanism can vary depending on the ions involved. 
Keeping the focus on Li-ion batteries, the ions intercalate into the anode from the cathode during 
charging and into the cathode from the anode during discharging. The electrons flow in the opposite 
direction of the ion flow. The general voltage equations during charge and discharge are given by:43 
fghi = fjk − l(m, Qghi) (O. 1) 




where Vdis  is the discharge voltage, Vch is the charge voltage, Voc is the open circuit voltage, h is the 
polarization in Eq. A.1 and overvoltage in Eq. A.2, Idis is the discharge current, Ich is the charge 
current, and q  is the state of charge. The specific capacity of the battery is described in terms of 
Ah/kg, 
o = p Qbq
rs
R
	 (O. 3) 
where Q is total charge per unit weight, I is the current, and t is time. By default, the Li-ion battery is 
assembled in the discharged state and so, must undergo charging in its first cycle. Li+ ions intercalate 
into the anode (or negative cathode) upon charge. This first cycle, as mentioned before, results in 
the formation of an SEI layer. The HOMO and LUMO of the electrolyte determine what occurs 
during battery operation. In the event the electrochemical potential of the anode is higher than the 
LUMO, battery operation depends on the successful formation of the SEI layer which prevents 
reduction of the electrolyte.43 In the event the electrochemical potential of the cathode is lower than 
the HOMO, battery operation depends on the successful formation of the SEI layer which prevents 
oxidation of the electrolyte.43 There are also safety concerns with Li-ion batteries, chief among them 
their propensity to catch fire.  
The components of the battery all play different but integral roles in its properties. The 
cathode/anode selection is a widely-explored part of the battery design. Earlier studies involved 
metallic Li, as was the case with Stanley Whittingham’s work with the TiS2Li battery.44 However, the 
inherent safety problems with the battery directed Li batteries toward Li-ion chemistries. John B. 
Goodenough presented the initial findings of a working Li-ion battery in the exploration of LiMO2 
M=Ni, Co, cathode chemistries.45 Namely, the LiCoO2 cathode has been traditionally used in Li-ion 




1991 with the LiCoO2/C battery.46 The relevant reactions for this particular cathode/anode 
combination are:45 
2 + S?t 	+ 	S!"u 	= 	!"v2(<@wb?) (O. 4) 
!"2w1; − S?t − S!"u = !":tv2w1;(x<qℎwb?) (O. 5) 
Aluminum oxides have been studied as an avenue through which the safety problems can be 
ameliorated.47 However, the capacity is reduced in this case. Si, Sn, and Sb alloys, which were also 
explored as anodes, boast capacity increases as well as fast charging times, though this is not yet 
well-established.47 Furthermore, extra volume and mechanical considerations must be made to 
account for Si expansion upon charging.47 
There are, however, other design considerations beyond the ability of the battery to 
continuously charge and discharge. These factors include its specific power, specific energy, cost, 
size, and safety. One of the benefits of a Li-ion system is that they have high energy and power 
densities.48 In terms of standard reduction potentials, Li has the lowest reduction potential (or 
strongest oxidation potential). Theoretically, pairing Li with an element with the highest reduction 
potential (or strongest reduction potential) would give the widest electrochemical window i.e. 
fluorine. Another added benefit to using Li is its relatively small size and mass. This yields a high 
gravimetric and volumetric capacity. Ideally, fast ionic diffusion is featured in the battery as ions 
need to shuttle quickly through the electrolyte and intercalate/de-intercalate into/from the 
electrodes. The primary motivation for continuing research in Li-ion systems is to obtain smaller and 
cheaper batteries with increased storage capacity.  
As mentioned before, safety is another pressing concern with Li-ion battery systems. 
However, exploration of safety mechanisms should be placed in the context of improved battery 
performance and scalability. Batteries are complex systems in which the components will interact 




to understand the role of the electrodes and the electrolyte within the Li-ion battery before testing 
possible formulations. The silylamine RevIL, which has mainly been studied herein as an electrolyte, 
can therefore be further tested in a battery to determine its viability as a switchable battery 
electrolyte. The expansive literature on electrode selection for Li-ion batteries will inform the battery 
chemistry choice in battery testing. Furthermore, the identification of key evaluative parameters for 
battery performance, such as the aforementioned design considerations, will determine the 
experimental methods by which novel battery chemistries should be tested.  
A.1 Electrodes 
 
Much of the research involving Li and Li-ion batteries is electrode-focused, more so on the 
cathode side.  Because one of the factors upon which researchers hope to improve is its energy 
density, the most well-researched method is by improvement of the electrodes, particularly the 
cathode. Anode research is relatively lacking; the tendency is to default to the graphitic anode. As 
new electrode chemistries arise, the electrolyte should still be able to operate within the 
electrochemical window. Electrode selection usually is dictated by high rate capability and charge 
capacity. 
A.1.1 Cathodes 
In terms of cathodes, lithium transition metal oxides dominate the market; particularly, of 
the ones mentioned, some molar ratio variant of LiNixMnyCozO2 as well as high voltage spinel 
(LiNi0.5Mn1.5O4) and olivine phosphates (LiMPO4, M= Fe, Mn, Co, Ni).48 Some of the cathodes that 
have been extensively studied are LCO, LMO, NCM, NCA, LCP, and LFP.48 These are intercalation 
electrodes where Li+ ions shuffle back and forth into and out of the host structure upon charging 
and discharging. The host structure can be synthesized to have different crystal structures: layered, 




systems.47, 48  As of right now, the only commercially viable Li-ion battery chemistries use LCO or 








Table A.1 Li-ion Cathode Chemistries8, 48 
  LiCoO2 (LCO) LiFePO4 (LFP) LiMnO2 (LMO) Li(Ni0.5Mn0.5O2) (NMC) LiNi0.8Co0.15Al0.05O2 (NCA) 
      
PROS 
• Specific capacity = 
274 mAh/g 
• Low self discharge 
• Low discharge 
voltage 
• Volumetric capacity 
of 1363 mAh/cm3 
 
• Specific capacity 
~200 mAh/g  
• High power 






• Lower toxicity 
 
• Specific capacity = 
234 mAh/g 
• Can operate at 
slightly elevated 
temperatures 
• High voltage 
operation 
• Lower cost 
 
• Specific capacity ~200 
mAh/g 




• Capacity fade at 
high current rates 
and deep cycling 
• Low thermal 
stability due to O2 
release, ~ 200°C 
 
•  Low average 
potential 
• Low electrical 
conductivity 
• Low ionic 
conductivity 




• Mn leaching 
• Poor cycle stability 
• Undergoes 
structural changes 
(layered to spinel) 
 
• Cation mixing can 
affect 
performance49 
• Capacity fade at higher 
temperatures (40°C-
70°C) from SEI growth 





On the conversion cathode front, redox reactions occur instead of Li+ ions intercalating/de-
intercalating during the charge/discharge cycle. There are generally two types of conversion 
mechanisms.48 
!"# 	+ 	&'( ⟷ 	!	 + *'(+/#" (.. 7) 
&'(		 + 	"	 ⟷ '(+" (.. 8) 
Multivalent metal halides follow equation A.7; FeF2®LiF is an example of this. The metal fluoride 
and chloride chemistries have high theoretical specific and volumetric capacities but have poor 
conductivity, volume changes, voltage hysteresis and are prone to side reactions and dissolution of 
the active material. Metal chlorides have exhibited solubility in polar solvents so selection of a 
nonpolar solvent may be wise for the electrolyte. S, Se, Te, and I follow equation A.8. Sulfur has also 
garnered much interest because it is abundant, cheap, and has a high theoretical specific capacity 
(1675 mAh/g).52 However, sulfur has a propensity to form polysulfides that contribute to capacity 
fade.52 The lithium anode/sulfur cathode pairing results in the formation of lithium sulfur 
compounds such as Li2S, Li2S2, Li2S4, Li2S8, the latter two of which are soluble in the electrolyte. The 
dissolved compounds can migrate through the electrolyte and form a passivating layer on the lithium 
anode. Electrolyte additives can be used to partially combat the polysulfide problem.52  
A.1.2 Anodes 
 
While much has been achieved in the way of the cathode, choices for the anode remain limited. 
Carbon is the standard anode and has a good balance of mechanical integrity, conductivity and fairly 
good Li+ transport.48 In addition, it is economically attractive and abundant. However, key to the 
operability of graphitic anodes is the formation of a stable SEI layer. Thus, the choice in electrolyte 
becomes an important consideration. Another anode used is Li4Ti4O12 (LTO) which is stable and 




capacity are reduced. Other anode materials include elemental Si, Ge, and Sn though these 
compounds undergo extensive volume changes, making them thoroughly unattractive choices.47 
Because of the volume changes, the SEI layer does not remain intact after repeated cycling. A stable 
SEI layer, as mentioned before, is paramount to the functionality of the Li-ion battery. Electrolyte 
additives and carbon supports can ameliorate this problem in part, but working batteries with 





B. Battery Testing 
 
Based on the background of Li-ion battery systems outlined in Appendix A, preliminary battery 
testing was conducted on the TPSA (RevIL) system to evaluate its viability as a battery electrolyte. 
Before addressing the larger, more formidable task of improving battery performance, the TPSA 
(RevIL) must be demonstrated to work in a battery. That is, a battery containing the TPSA (RevIL) 
must successfully charge and discharge. Cycling tests were performed as proof of concept. Cyclic 
voltammetry tests were used to obtain information on the electrochemical behavior of a full battery 
system. This could be expanded in later tests to understand the underlying interactions between the 
individual components of the battery. Only full battery chemistries that have been demonstrated to 
cycle successfully should be explored in further detail. The components of the preliminary battery 
were chosen based on their merits (outlined in Appendix A). LCO and LFP were chosen as 
cathodes and LTO and C were chosen as anodes. Swagelok cells were used to house the battery 
components.  
B.1 Experimental Methods 
 
The battery components were housed in a Swagelok cell, shown in Figure B.1. 
 




The cathode was cast on aluminum foil and paired with an aluminum rod current collector. A 
Whatman glass fiber was used as a separator between the cathode and anode. Approximately 25 µL 
of electrolyte was added, saturating the glass fiber separator. Following the glass fiber separator was 
the anode, which was cast on copper foil, and paired with a copper rod current collector. 
B.1.1 Battery Cycling 
 
Li-ion batteries were assembled in the discharged state. After assembly, the battery was 
connected to an Arbin battery cycler and allowed to rest for 12h before the initial charging cycle was 
performed. The batteries weree cycled galvanostatically, i.e. the battery was charged at constant 
current until the potential reached a specified upper cutoff limit. The battery then rested for 1 min 
and discharged at constant current until the potential reached some lower cutoff voltage. This was 
repeated until battery failure is observed- this was usually indicated by a rapid capacity fade with 
time. 
B.1.2  Cyclic Voltammetry (CV) 
 
One evaluative parameter for the RevILs is their electrochemical window. This can be 
determined 53, 54 via electrochemical stability tests. CVs are commonly used to evaluate the 
electrochemical stability of the electrolyte. However, a single standard for obtaining CVs does not 
exist and the criteria for assessing stability is somewhat arbitrary. Half-cell CVs measured against Li 
metal (CE and RE) are the one setup common to most papers53, 55-59 and aid in the identification of a 
"stability" region for a single component, but this neglects the overall stability of the full cell and 
does not give an entirely accurate description of the component's behavior once assembled in a 
complete battery. The alternative is to perform a CV over the full cell, but this captures more 
information than can usually be deciphered. The peak contributions are most likely not able to be 




better context for understanding peaks of interest in more detail through half-cell studies. Thus, for 
preliminary testing, CVs were done over the full cell. 
 For the actual evaluation of the electrolyte, the salt should ideally have high anodic stability 
while the solvents should have high oxidation and low reduction potentials.8 Typically, the 
electrochemical stability is measured against a relatively robust material such as Pt or glassy carbon 
(GC). The downside is that the electrochemical window, especially, measured against GC, may, in 
some cases, be wider than the electrochemical window in the actual battery cell. Papers commonly 
use different reference electrodes, making direct comparison difficult. Moreover, because the battery 
system hinges upon the symbiotic operation of all of its components, the materials should all be 
electrochemically stable within the operation window. This further limits the electrochemical 
window of the battery cell (though each component will have its own stability window). 
Cyclic voltammetry served two purposes in the present study: (1) to determine the 
electrochemical stability of the battery components, (2) to verify the redox processes that are 
supposed to occur during cycling. In these preliminary studies, cyclic voltammetry was used to verify 
the redox processes and observe the behavior of the battery during charging and discharging. The 
upper and lower voltage limits were determined by the battery chemistries. The starting and ending 
potentials were the open-circuit voltage of the battery immediately after construction. Two scans 
were performed at a scan rate of 0.5 mV/s. The number of scans can be increased to monitor the 
change in redox potentials over time and the first scan serves as a dummy scan. The scan rate is 
typically 5mV/s for established battery systems.56 However, the goal is to understand the underlying 
charge transfer phenomena that occur. A CV with slower scan rate elucidates the electrochemical 





B.2 Battery Cycling Studies 
 
Prior to testing the IL electrolyte formulations, batteries using the standard LiB electrolyte 
were cycled. The two electrode pairings used in the batteries were the LCO/C chemistry and 
LFP/LTO chemistry. These cathode/anode pairings are standard and thus, the resulting 
charge/discharge curves would serve as a benchmark for comparison. Figure B.2 and Figure B.3 
show the experimentally obtained charge/discharge curves for the LCO/C battery and LFP/LTO 
battery, respectively. The upper voltage limit was set at 4.2V and the lower voltage limit was set at 
3V for the former. The upper voltage limit was set at 3.5V and the lower voltage limit was set at 
1.0V for the latter.  
 





Figure B.3: Discharge curves for standard LFP/LTO battery 
The RevIL/DMSO/EC mixtures were implemented in a preliminary battery after 
establishing the benchmark shown in Figure B.2 and B.3. Of the tested cathode/anode 
permutations, the LFP/LTO battery was the only pairing that exhibited cycling behavior, albeit for a 
short lifetime. The discharge curve of the battery is shown in Figure B.4. The first discharge cycle 
shows a discharge capacity of about 20mAh/g, which is lower than the benchmark capacity shown 
in Figure B.3 by a factor of 4. 
 




The discharge capacity of the next cycle was about 6mAh/g and subsequent cycles saw a rapid 
capacity fade. Thus, while cycling can certainly be observed, there is an underlying failure 
mechanism that results in capacity fade. Characterization of the cycling process elucidates the 
electrochemical activity and is discussed in the next section. 
B.3 Cyclic Voltammetry Studies 
 
Cyclic voltammetry is a tool that shows the electrochemical behavior during the cycling 
process. The CVs for the various battery configurations, described in this section, were used to 
understand the potentials at which the redox processes may occur. Furthermore, the CV peaks may 
correspond to other electrochemical activity beyond the redox process that may result in early failure 
of the battery. As with the battery cycling studies, benchmarks were experimentally established for 
comparison. The CVs were performed on the full cell. Figure B.5 shows the CV for the standard 
LCO/C battery. 
 




The standard LCO/C battery typically operates between ~3 and ~4V, which is corroborated by the 
cyclic voltammogram. The peaks just under 3.5V and around 3.8V at negative current densities are 
reduction peaks (i.e. discharging) while the peak observed around 4.25 V is an oxidation peak and 
corresponds to Li extraction from LCO (i.e. charging). 
Figure B.6 shows the CV for the standard LFP/LTO battery. 
 
Figure B.6: CV of standard LFP/LTO battery 
The standard LFP/LTO battery typically operates between ~1.5 and ~3.5V, which is corroborated 
by the cyclic voltammogram. The peaks just under 1V is a reduction peak (i.e. discharging) while the 
peaks observed around 2.5V and 3.5V are oxidation peak and corresponds to Li extraction from 
LFP (i.e. charging). 
Because Yamada had theorized that DMSO cointercalated with Li ions at low salt 
concentrations60, a CV was performed herein on a LCO/C battery with 0.08M LiPF6in EC/DMSO 
to determine if the preliminary battery failed due to the co-solvent. This was done to avoid 




a clear discrepancy between the behavior in the potential ramp up and the potential ramp down. 
There is a broad anodic peak between 1.3V and 2.8V during the Li intercalation step followed by a 
peak at 3.1V with an area roughly the same as the cathodic peak at 2.3V during the Li deintercalation 
step. This could possibly be attributed to the cointercalation of DMSO as Yamada suggested. Thus, 
DMSO would occupy vacant sites in the intercalation structure. There is no indication that the 
DMSO deintercalates upon discharging, thus irreversibly rendering the active sites occupied. This 
prevents the actual charge transfer process and would explain why the battery observes rapid 
capacity fade. 
 
Figure B.7: CV of LCO/C battery with 0.08M LiPF6 in EC/DMSO 
The CV test was then repeated using a battery using the LFP/LTO chemistry, as shown in 
Figure B.8. Similar to the LCO/C battery, there is a discrepancy between the behavior during a ramp 
up and ramp down in potential from 0V to 4V. The anodic peak at 1V and cathodic peak at 2V look 
similar in area, but the peak around 3V suggests an irreversible process is occurring. However, this 




battery). Thus, a combination of processes may be observed. It is possible that somehow the Li+ 
ions are intercalating, but are doing so before DMSO is co-intercalating. Once the DMSO co-
intercalates, it would occupy sites closest to the electrode/electrolyte interface, thus preventing the 
Li+ ions from diffusing through the intercalation structure and through the electrolyte for the 
deintercalation process. At the very least, DMSO would present a path of resistance that would limit 
Li+deintercalation, if not prevent it entirely. 
 
Figure B.8: CV of LFP/LTO battery with 0.08M LiPF6 in EC/DMSO 
Figure B.9 shows the CV of a LFP/LTO battery with the TPSA (RevIL)/DMSO/EC mixture. 
Based on the CV, there is little-to-no behavior where Li+ deintercalation at 1V is expected. In 
addition, the CV looks markedly different from the EC/DMSO CV. There are possibly three 
phenomena observed: (1) TPSA could also be co-intercalating, (2), Li+ transport becomes limited, or 
(3) TPSA is degrading at the specified potential window. While there is no direct evidence of the 
first case, DMSO was shown to co-intercalate at low salt concentrations, which is certainly the case 
with the tested electrolyte.60 This co-intercalation behavior is suppressed as the salt concentration is 




possible that diffusion of Li+ ions through the electrode becomes limited, resulting in the absence of 
deintercalation.  The third case is also a possibility and would certainly result in battery failure. 
However, during the battery cycling tests, EC/DMSO battery had a negligibly low discharge capacity 
compared to the preliminary battery. 
 
Figure B.9: CV of LFP/LTO battery with 0.08M LiPF6 in TPSA (RevIL)/DMSO/EC 
These tests comprise a preliminary battery study of the TPSA (RevIL). Battery testing can be 
expanded to include half-cell and symmetric cell studies.61 These studies are meant for more detailed 
understanding of the electrochemical behavior observed in the CVs of the full cell. Moreover, EIS 
can be used as a tool to determine possible limitations to battery operation, such as charge transfer 
and diffusion limitations.8 Just as newer iterations of silylamine RevILs should be evaluated as a 
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